Background: Juvenile-onset spinocerebellar ataxia has been recognized in Jack Russell Terriers and related Russell group terriers (RGTs) for over 40 years. Ataxia occurs with varying combinations of myokymia, seizures, and other signs of neurologic disease. More than 1 form of the disease has been suspected.
J
ack Russell Terriers, Parson Russell Terriers, and Russell Terriers are separately registered breeds believed to have descended from the stock of Parson Jack Russell, a 19th century British dog breeder. In this communication, we refer to members of these closely related breeds as the Russell group terriers (RGTs). Heritable ataxia has been recognized in RGTs for over 40 years. 1 The wide differences in ages at onset, clinical signs, and histopathologic changes reported for ataxic RGTs, a,1-5 suggest that more than 1 heritable ataxia is segregating in these dogs. There is a cerebellar ataxia that becomes apparent at <2 weeks of age when the RGT puppies begin to walk.
a It is an early-onset cerebellar ataxia with primary granule cell degeneration. There are also RGTs with a distinct spinocerebellar ataxia with an onset at 2-10 months of age and preservation of the granule cells. Many of these RGTs have exhibited myokymia, seizures, or both. 2, [4] [5] [6] Because myokymia is an unusual clinical sign exhibited by human patients with voltagegated potassium channel gene mutations, 7, 8 part or all of 4 voltage-gated potassium channel genes (KCNA1, KCNA2, KCNA6, and KCNQ2) have been resequenced with DNA from RGTs that exhibited myokymia, but no causal mutation was identified. 9 A later onset spinocerebellar ataxia has been reported in 4 RGTs, with an age of onset between 9 and 36 months; no episodes of myokymia or seizures have been reported in this form of ataxia. 3 A missense mutation in CAPN1 was strongly associated with a spinocerebellar ataxia phenotype beginning at 6-12 months of age that is sometimes referred to as "late-onset ataxia", 10 although the relationship with other reported cases of spinocerebellar ataxia in older RGTs is not clear. 3 No other clinical signs were reported in the CAPN1-associated spinocerebellar ataxia. 10 The CAPN1 mutation was discovered with a genome-wide association study followed by the massively parallel sequencing of affected and control RGT DNA preparations enriched for the disease-associated chromosomal interval by hybridization capture.
We also made use of massively parallel sequencing, but without prior association mapping, to investigate RGTs with spinocerebellar ataxia with myokymia, seizures or both. In this study, we resequenced the genome of a single affected RGT and compared the detected variants with variants detected in 81 normal canids or dogs with other diseases that had also been resequenced. Among the sequence variants that were unique to the affected RGT was a homozygous transversion that predicts a missense mutation in KCNJ10, a gene that codes for a voltage-gated potassium channel Kir4.1. The KCNJ10 mutation was found to be strongly associated with RGT spinocerebellar ataxia, which enabled us to describe the spectrum of disease signs associated with the genetically defined RGT ataxia.
Methods
The University of Missouri Animal DNA Repository contains samples from >100,000 individual dogs, including 2,868 from RGTs. At least 38 of the RGTs represented in the collection had a clinical history of cerebellar ataxia. The onset of ataxia was <2 weeks of age for 21 of these RGTs, strongly suggesting that these dogs had primary granule cell degeneration. The samples from these dogs were excluded from this study as was a sample from an ataxic RGT diagnosed with canine distemper encephalitis at necropsy. Included in this study were 16 samples from ataxic RGTs with an onset of ataxia between 2 and 12 months of age, 640 samples from control RGTs randomly selected from among the RGTs without a known clinical history of ataxia, and 383 samples from control dogs from 144 non-RGT breeds. All animal studies were conducted with approval of the University of Missouri, Animal Care and Use Committee and the informed consent of the owner.
The 16 cases were collected by JRC between 1996 and 2013 based on owner or clinician reports of spinocerebellar ataxia. When available, clinical examination and videotapes of the affected dogs were reviewed, and necropsies were performed when permitted. Other signs of neurologic disease, such as myokymia, neuromyotonia, excessive facial rubbing, hearing loss, or seizures, were also recorded. When available, the final outcome for the dogs was assessed by phone calls with the owners and referring veterinarians.
A DNA sample from an RGT with spinocerebellar ataxia and myokymia and an extensive clinical evaluation was selected for whole-genome resequencing. Two DNA libraries (fragment sizes of approximately 300 and 400 bp) were prepared for paired-end sequencing with a commercial kit (TruSeq DNA sample preparation kit ) at the University of Missouri, DNA Core Facility. Initial quality control on the sequence data involved removing exact duplicate sequence read pairs using a commercial software c and adapter trimming using custom Perl scripts. Unique adapter-trimmed reads were error corrected using MaSuRCA v1.9.5 software.
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Error corrected reads were aligned to the reference CanFam3.1 genome assembly and variants called using a commercial software.
c Variant calls were further processed using custom Perl scripts to filter likely false positives and then the variant calls were uploaded to a custom PostgreSQL database, which contained the variant calls for an additional 81 canid samples. Using custom SQL scripts, we identified variants that fit an autosomal recessive mode of inheritance such that the case is homozygous for an allele not observed (in either heterozygous or homozygous form) in any of the remaining 81 canids used as controls. This candidate variant list was further filtered to include only variants predicted to alter the amino acid sequence of protein coding genes. The sequence data from the 81 canid genomes used as controls were generated in a similar manner. The controls represented dogs for which the breed and disease phenotype status were known and included: 37 genomes from our group; 3 wild canid genomes provided by University of California, Los Angeles; 28 genomes provided by the Institute for Translational Genomic Research; 10 genomes provided by North Carolina State University; 3 genomes provided by the University of Pennsylvania. A detailed description of the data processing pipeline is in preparation and will be published elsewhere.
An apparent KCNJ10:c.627C>G sequence variant (GenBank accession XM_545752.3) was verified by PCR amplification with primers 5 0 -GCCAACATGCGGAAGAGCCT-3 0 and 5 0 -TCGAAGT CACCCTCGCCACT-3 0 and automated Sanger sequencing. The effect of the mutation on protein function was estimated using a tool for the prediction of the impact of an amino acid substitution on the structure and function of the orthologous human protein (PolyPhen-2) available at http://genetics.bwh.harvard.edu/pph2/. 12 A TaqMan allelic discrimination assay 13 was used to genotype DNA samples from individual dogs at KCNJ10:c.627C>G. Electromyograms (EMG), motor nerve conduction measurements, and brainstem auditory evoked potentials were evaluated in 2 RGTs with myokymia according to previously described methods. 14, 15 One-sided EMG recordings were made from the axial and appendicular muscles of the thoracic and pelvic limbs, as well as cranial and axial muscles. A commercially available electrophysiologic unit e was used for all electrodiagnostic recordings. All electrophysicologic recordings were performed under general anesthesia.
The brains of 3 RGTs were examined by magnetic resonance imaging (MRI) under general anesthesia. MRI was performed with a 1.5-Tesla unit f or a 3-Tesla unit. g Pulse sequences were selected to obtain 3D T1-weighted sequences or standard T1-and T2-weighted sequences in 3 planes. Complete necropsies were performed on 9 ataxic RGTs. The thoracic spinal cords were dissected, fixed, and embedded in paraffin. Sections of these samples were stained with hematoxylin and eosin plus either luxol fast blue-periodic acid Schiff or luxol fast blue-cresyl violet to detect neuronal fiber and myelin loss. In addition, spinal cord sections were immune-stained for neurofilament medium and for fibrillary acid protein to detect astrogliosis.
Results
Resequencing of the individual ataxic RGT case yielded an average of 33.99 coverage depth of the CanFam3.1 reference genome with 99.4% of the mappable genome covered by at least one sequence read. A total of 7,440,532 putative variants between the case and the reference genome were detected. Of these, 20,652 were predicted to alter the amino acid sequence of proteins with only 23 of these homozygous in the case and the alternate allele not being present in any of the 81 control dog genomes. The homozygous unique coding variants are listed in Table S1 . Among these 23, missense mutations in KCNJ10 and KCNH7 were considered most likely to be causal because they encode potassium channel genes and mutations in other potassium channel genes are known to cause ataxia, seizures, and myokymia in human patients. 7, 8 The KCNJ10:c.627C>G transversion (Fig 1A) predicts a KCNJ10:p.I209M amino acid substitution. The presence of this missense mutation in the affected RGT was confirmed by PCR amplification and automated Sanger sequencing (Fig 1B) . PolyPhen-2 predicted that this was "probably damaging" with a score of 0.979 on a 0-1 scale with 1 being most damaging. 12 The isoleucine at position 209 and the surrounding amino acids are conserved in all available orthologous mammalian sequences and in most vertebrate sequences; however, the isoleucine is replaced by leucine in some fish species (Table S2) . Fourteen of the 16 samples from ataxic RGTs were homozygous for the KCNJ10:c.627G allele. The other 2 ataxic RGTs were c.627C homozygous siblings. The 640 randomly selected RGT samples were either heterozygous at KCNJ10:c.627C>G (n = 63) or homozygous for the reference c.627C allele (n = 577). Thus, among RGTs, there is a significant association between the ataxia phenotype and homozygosity for the KCNJ10:c.627G allele (P < .001; Fisher's exact test). All genotyped DNA samples from 383 individual dogs from 144 non-RGT breeds were KCNJ10:c.627C homozygotes.
The other candidate sequence variant that remained after data processing was a KCNH7:c.1180C>A transversion that predicts a p.394R>S substitution (GenBank accession XM_005640254.1). The KCNH7: c.1180A allele was only detected in the RGT DNA used for whole-genome sequencing. The other 15 ataxic RGTs were homozygous for the KCNH7: c.1180C allele. The CAPN1:c.344T allele, previously associated with a late-onset ataxia of RGTs, 10 was not detected in any of the 16 ataxic RGT samples or in any of the 44 genotyped control RGT samples.
Because 14 of the ataxic RGTs in this study were homozygous for the KCNJ10:c.627G allele, it is now possible to describe the associated disease phenotype in this genetically defined subpopulation of RGTs. Three of the dogs were female, 1 dog was a neutered male, and 10 dogs were intact males. All 14 affected dogs showed marked spinocerebellar ataxia (Video S1). The median age at onset of cerebellar ataxia in 12 dogs was 3 months (range, 2-6 months). The age of onset could not be ascertained for 2 dogs. Two dogs showed only signs of cerebellar ataxia without myokymia or seizure; one was euthanized at 4 months of age. Ten dogs showed muscle fasciculation characteristic of myokymia. The median age at onset for myokymia was 6 months (range, 3-8 months). Age of onset for myokymia could not be determined in 1 dog. Episodes of neuromyotonia were documented in 5 dogs. One of the dogs with myokymia also had a history of seizures, while 2 dogs had seizures, but no reported myokymia. The median age at onset for seizure was 2 months (range, 2-4 months). Excessive facial rubbing was not well documented in the histories, but it was noted in 2 dogs. Hearing loss was not evident in any of the dogs.
Brain MRIs in 3 KCNJ10:c.627G homozygous dogs were interpreted as normal. In 2 dogs that underwent electrodiagnostic testing, EMG showed myokymia in the form of semirhythmic bursts of doublet, triplet, or multiplet discharges of a single motor unit (Fig 2) . A third dog with no clinical evidence of myokymia showed no abnormalities on EMG. Nerve conduction velocities and brainstem auditory evoked potentials were within normal limits. The diagnosis of spinocerebellar ataxia was confirmed by histopathologic examination of spinal cord sections in 9 RGTs, which revealed a bilateral myelopathy with loss of axons and myelin and astrogliosis in the dorsal and lateral portions of the lateral funiculus and in the ventral funiculus (Fig 3) .
Discussion
We identified a missense mutation in KCNJ10 in the whole-genome sequence of a single affected RGT and showed that homozygosity for this mutation was significantly associated with spinocerebellar ataxia with myokymia, seizures, or both in RGTs. KCNJ10 encodes the inwardly rectifying potassium channel Kir4.1. Kir4.1 dysfunction would account for the clinical signs observed, and the similarities among the phenotype in RGTs, humans with KCNJ10 mutations, and Kcnj10 knockout murine models strongly support the KCNJ10:c.627C>G as the causal mutation. These findings confirm that more than one form ataxia is segregating in RGTs and permitted better delineation of the spectrum of clinical signs associated with KCNJ10:c.627>G mutation.
The KCNJ10:c.627C>G mutation predicts a p.I209M amino acid substitution in Kir4.1, an inwardly rectifying potassium channel that is expressed in glia, stria vascularis of the inner ear, renal distal convoluted tubules, and gastric parietal cells. 16 In glia, Kir4.1 is responsible for the highly negative resting membrane potential and the large K + conductance at rest. 17 In contrast to most potassium channels, inwardly rectifying channels primarily conduct K + into cells. 18 Because Kir4.1 is one of the "weak" inwardly rectifying channels, which does not inactivate at depolarized potentials, it can also conduct K + out of astrocytes. These properties allow astrocytes to spatially buffer the increased extracellular K + concentrations produced by neuronal activity (Fig 4) . Interference with this buffering capacity can lead to increased extracellular K + and neuronal membrane depolarization. Glutamate transporters located in astrocytes also regulate neuronal excitability by removing glutamate at the synapse. Glutamate transport is strongly facilitated by the negative membrane potential, and impaired by decreased Kir4.1 function. Mutations in human KCNJ10 have been identified in patients with 2 autosomal recessive hereditary disease syndromes with overlapping signs: SeSAME (seizures, sensorineural deafness, ataxia, mental retardation, and electrolyte imbalances) 20 and EAST (epilepsy, ataxia, sensorineural deafness, and tubulopathy). 21 Kcnj10 knockout mice have severe ataxia, hind limb weakness, and die prematurely, whereas mice with a conditional knockout of Kcnj10 in glia have stress-induced seizures and severe ataxia. 17, 19 Several of the signs exhibited by patients with SeSAME and EAST and by the knockout mouse models are shared with the KCNJ10:c.627G homozygous RGTs ( Table 1 ). The similarities between the clinical signs exhibited by the affected RGTs, the human patients with the KCNJ10-deficiency syndromes, and the Kcnj10 knockout mouse models together with the highly significant association between the RGT spinocerebellar ataxia phenotype and homozygosity for the KCNJ10:c.627G allele strongly suggest that the KCNJ10:c.627C>G transversion is the mutation responsible for the autosomal recessive spinocerebellar ataxia in the 14 ataxic RGTs.
Thus, the hereditary ataxias in RGTs can be divided into at least 3 groups: (1) neonatal, granule cell degeneration, a (2) "late-onset" (6-12 months) spinocerebellar ataxia without other clinical signs associated with CAPN1:c.344T, 10 and (3) spinocerebellar ataxia with myokymia, seizures or both associated with KCNJ10: c.627G. Further studies will be necessary to determine what histologic changes are associated with the CAPN1:c.344T-associated ataxia and whether cases with an onset of ataxia over 12 months of age 3 are also associated with that mutation. Because our inclusion criteria focused on RGTs between 2 and 12 months of age, we cannot rule out the possibility that earlier or later onset ataxia, other breeds, or other clinical signs could also be associated with the KCNJ10:cC>G. mutation. Neither the CAPN1:c.344T allele nor the KCNJ10:c.627G allele was detected in 2 RGT siblings with a history of only spinocerebellar ataxia, indicating that there could be additional genetic factors responsible for ataxia in RGTs. No further information was available on these dogs, however, so acquired disease could not be excluded.
The identification of homozygosity at KCNJ10: c.627G as a probable cause of ataxia in RGTs allowed us to describe the disease phenotype in a genetically defined cohort. Episodes of myokymia were observed in 64% (9/14) of the KCNJ10:c.627G homozygous RGTs. Myokymia and neuromyotonia are common clinical signs in previous descriptions of spinocerebellar ataxia in RGTs. 2, 4, 22 The EMG recordings we generated from 2 KCNJ10:c.627G homozygous RGTs are similar to those from other studies of RGTs 2,4,6,22 and confirm that the episodic subcutaneous muscle rippling is indeed myokymia. Myokymia and neuromyotonia have not been reported in RGTs with primary granule cell degeneration a or in association with the CAPN1 missense mutation. 10 In addition, we have not found reports of myokymia or neuromyotonia among the clinical signs of SeSAME/EAST patients or in descriptions of the Kcnj10 knockout mouse phenotypes. 17, [19] [20] [21] Mutations in human KCNA1 and KCNQ2 have been associated with myokymia along with episodic ataxia (KCNA1) or benign neonatal seizures (KCNQ2). 7, 8 No unique homozygous coding variants were identified in these genes in our RGT whole-genome sequence. It is likely that the KCNJ10 mutation causes both the ataxia and excessive membrane excitability resulting in repetitive firing of motor neurons and myokymia. Most dogs were euthanized because of poor quality of life.
KCNJ10 Mutation in Spinocerebellar Ataxia
Three of the 14 KCNJ10:c.627G homozygous RGTs (21%) had seizures, which are also characteristic of SeSAME/EAST in people. This is lower than the frequency of seizures (37%) reported in a European cohort of ataxic RGTs. 5 During severe episodes of myokymia (neuromyotonia), the dogs hold their limbs in rigid extension and are unable to rise from lateral recumbency. These episodes could be confused with a generalized seizure, but they last for up to several hours and the dog remains conscious during the episode. In contrast, the seizures observed by the author (DPO) were brief, generalized, tonic-clonic seizures with loss of consciousness and autonomic signs. As in the mice with the conditional Kcnj10 knockout in glia, 17 the seizures in that dog appeared to be elicited by stress.
Varying degrees of hearing impairment have been reported in SeSAME/EAST patients, but the exact cause has not been determined. 20, 21 Kcnj10 is expressed in the stria vascularis of the cochlea where it is thought to play a role in the maintenance of the endonuclear potential. 23 Kcnj10 knockout mice have cochlear degeneration and sensorineural deafness. 24 Deafness has not been reported in RGTs with ataxia and hearing impairment was not included in the clinical histories of any of the 14 KCNJ10:c.627G homozygotes in this study. Others have recorded abnormal brainstem auditory evoked potentials from ataxic RGTs with ataxia and myokymia. 4, 5 Nonetheless, the presence of waveforms indicates that these dogs have at least some cochlear function and the abnormal wave forms more likely correlate with histologic changes in central auditory pathways. 1, 5 The excessive face rubbing reported in some RGTs with ataxia could represent a sensory paresthesia. 2, 6 Paresthesias were not reported in SeSAME/EAST. 20, 21 An itching sensation has been reported in humans with myokymia 25 and scratching reported in dogs with myokymia from other causes, 6 but excessive facial rubbing occurred in 1 KCNJ10:c.627G homozygote that did not show myokymia. In mice, inactivation of Kir4.1 in the trigeminal ganglia leads to pain behaviors, suggesting that the Kir4.1 deficiency could also affect sensory functions.
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KCNJ10 is also expressed in the distal convoluted tubules of the human kidney where it is essential for the maintenance of the resting electrical potential. 27 Loss of Kir4.1 function in SeSAME/EAST syndromes leads to hypokalemic metabolic alkalosis and hypomagnesemia. 20, 21 Altered electroretinograms from EAST patients and nullizygous Kcnj10 mice are attributed to impaired Kir4.1 function in retinal Muller cells. 28, 29 Future examination of the renal and retinal functions of RGTs that are homozygous for KCNJ10: c.627G could reveal similar disease signs.
Kcnj10 knockout mice show hypomyelination, vacuolation, and axonal swellings in the spinal cord and cerebellum, predominantly in the white matter adjacent to the gray matter. 17, 19 We and others have found similar, but less severe, changes in RGT with ataxia. 1, 5, 6 No postmortem findings have been reported in people with SeSAME/EAST. Some affected children show T2 hyperintensity of cerebellar roof nuclei and mild atrophy of the cerebellum, corpus callosum, brainstem, and spinal cord on MRI. 30 Such changes were not apparent in the RGTs imaged in this study nor in many of the human cases. 21 To distinguish the autosomal recessive spinocerebellar ataxia investigated in this report from the other ataxias that occur in RGTs, we propose the acronym "SAMS" for Spinocerebellar Ataxia with Myokymia, Seizures, or both. The identification of the KCNJ10: c.627C>G mutation as the probable cause of SAMS confirms the suspicion that multiple forms of hereditary ataxia segregate in these breeds, 5, 10 and it will provide the basis for DNA tests that can facilitate the diagnosis of this disease in RGTs. In addition, RGT breeders can utilize DNA tests for the KCNJ10:c.627G and the CAPN1:c.344T alleles to identify carriers of either alleles and avoid producing dogs with spinocerebellar ataxia associated with either of these mutations. As discussed above, however, 2 RGT siblings in which the client reported signs of spinocerebellar ataxia did not have either of the identified mutant alleles. Further research is needed to clarify whether additional genetic causes of spinocerebellar ataxia segregate in these breeds and to identify the mutation responsible for the neonatal, primary granule cell degeneration. Understanding how mutations in KCNJ10 affect the function of the Kir4.1 inwardly rectifying potassium channel and the buffering of extracellular potassium by astrocytes could shed light on excessive neuronal membrane excitability in other forms of ataxia, epilepsy, or myokymia. 
Footnotes
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